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要約 
In the present dissertation, innovative pressure-sensitive paint (PSP) techniques are developed to measure pressure distributions 
in large-scale industrial wind-tunnel tests and flight tests and are applied to aerodynamics studies in aerospace engineering. 
This dissertation mainly focuses on unsteady phenomena at transonic speeds that are now major issues in the aerospace 
industry and proposes novel PSP techniques for the clarification of transonic flow fields on aircraft. The results in this 
dissertation contribute to clarification of transonic unsteady phenomena and to verification of unsteady CFD simulation. 
Firstly, transonic buffeting phenomena on a three-dimensional swept wing were experimentally analyzed using the 
polymer/ceramic PSP (PC-PSP) with low-surface roughness. The PC-PSP with low-surface roughness was developed to 
measure unsteady pressure fields in the transonic flow without paint intrusiveness. The experiment was conducted using an 
80%-scaled NASA Common Research Model (CRM) in the Japan Aerospace Exploration Agency (JAXA) 2 × 2 m Transonic 
Wind Tunnel at a Mach number of 0.85 and a chord Reynolds number of 2.27 × 10
6
. The angle of attack was varied between 
–0.80° and 7.00°. The model right wing was painted with the PC-PSP with low-surface roughness and the model left wing was 
painted with the newly-developed polymer/ceramic temperature-sensitive paint (TSP) to measure the temperature distribution 
on the wing. In order to analyze phenomena under off-design buffet conditions, the calculations of local Mach number and 
root-mean-square (RMS) pressure fluctuations and the spectral analysis were performed on measured unsteady PSP images. 
The accuracy of the pressure measurement is remarkably improved by performing the temperature correction using the 
TSP data. RMS pressure fluctuations and power spectrum density (PSD) calculated from the obtained PSP data are agreed well 
with those measured with unsteady pressure transducers. 
We found that two types of shock behavior exist. The first is a shock oscillation characterized by the 
presence of “buffet cells” formed at a bump Strouhal number of 0.2 ≤ St ≤ 0.5. The spectral analysis revealed 
that the buffet cells are propagated toward the outboard wing at a certain convection velocity. The buffet 
cells arise at the mid-span wing at ≈ 0.4, where a strong shock wave is present and a shock-induced 
boundary-layer separation starts to occur. For the NASA CRM, the occurrence of this type of shock 
oscillation is deeply related to the buffet onset determined from the lift curve or from the wing-root 
strain-gauge signal. The other is a large-spatial-amplitude shock oscillation characterized by low-frequency 
broadband components at St < 0.1. The shock oscillation behaves more like two-dimensional buffet because 
it is caused by the strong interaction between the shock wave and the trailing-edge pressure. The transition 
between these two types of shock behaviors correlates well with the rapid increase in the wing-root strain 
fluctuations RMS. 
Secondly, the phase-lock PSP measurement was conducted for a forced pitching airfoil in transonic flow using the 
modified lifetime-based method. Before the wind tunnel test, the fluorescence response of the PC-PSP with low-surface 
roughness to the pulse excitation was investigated at various pressures and temperatures. The measurement results show that 
the luminescent response of the PC-PSP can be described by the double exponential form. In addition, the effect of the binder 
polishing on the luminescent lifetime was revealed. The luminescent lifetime of the polished coupon is shorter than that of the 
unpolished coupon at low-pressure conditions, whereas the difference in the luminescent lifetimes of the polished and 
unpolished coupons becomes smaller at around atmospheric pressure. 
We proposed a modified selection method of the image acquisition timings (gate settings) in the two-gate method by 
considering the sensitivity characteristics, the temperature-induced bias error, and the shot-noise-induced RMS error. Higher 
pressure sensitivity is obtained as the gate 2 start time is later or the gate 2 width is longer. The temperature-induced bias error 
increases as the gate 2 start time is later. The shot-noise-induced RMS error takes the minimum value when the gate 2 start time 
is set at around 10 s and the longer gate 2 width results in the smaller RMS error. 
The wind tunnel test was conducted at the JAXA Transonic Flutter Wind Tunnel at free-stream Mach number of 0.74 and 
a chord Reynold number of 3.0 × 10
6
. The NASA CRM airfoil was oscillated at a frequency of 30 Hz. The luminescent 
lifetime on the painted model is non-uniform even under a uniform pressure and temperature condition. The effect of the 
non-uniform luminescent lifetime can be canceled by employing the ratio-of-ratios method, in which the wind-on gate intensity 
ratio is normalized by the wind-off gate intensity ratio. The lifetime-based method successfully provides the phase-averaged 
pressure distributions on the forced-pitching airfoil with a high signal-to-noise ratio. Furthermore, the measurement error in the 
lifetime-based measurement was almost half of that in the intensity-based method. 
Thirdly, the lifetime-based PSP technique was applied to the flight testing of a transonic jet airplane pressure distributions 
on a wing are measured at high speed and high altitude. JAXA original HFIPM-based PSP, the temperature dependence of 
which is very low, was used in flight tests. Films coated with PSP were applied to a wing of JAXA’s jet Flying-Test-Bed Hisho, 
and the developed lifetime imaging system was installed in the cabin of Hisho. The flight test was performed at various flight 
Mach number and altitude under the trim flight conditions. The image acquisition timings for the two-gate method were 
determined according to the criteria proposed in the previous studies. The temperature-induced bias error for the determined 
gate settings was significantly small: less than 0.1 kPa/K. 
It is shown in the flight tests that the lifetime-based PSP technique has a capability to measure 
quantitative pressure distributions in flight. The movement of a shock wave on the wing due to the change 
in the flight conditions is successfully captured by PSP. Furthermore, pressure distributions without a shock 
wave are also clearly visualized under subsonic flight conditions. Owing to the small temperature-induced 
bias error, the effect of non-uniform temperature distribution on the pressure calculation is small. An 
estimated temperature enables the calculation of quantitative pressure distributions. Although the 
temperature-induced bias error in the present test was rather small, 10 K change in the estimated 
temperature causes a calculation error of 0.1 or less in pressure coefficient. Simultaneous temperature 
measurement is still required to calculate accurate pressure in flight. 
 
